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Introduction
In multicellular organisms, epithelia constitute the frontier between the interior milieu and the environment. Epithelial cells display as a distinguishing feature, at the uppermost portion of their lateral membranes, a structure called tight junction (TJ) that regulates the passage of ions and molecules through the paracellular pathway. TJs are formed by various integral proteins like occludin, tricellulin and JAMs that establish cell-cell contact at the intercellular space, and by claudins that form the paracellular pores or barriers responsible for ionic selectivity in each tissue (for review see [1] .
These transmembrane proteins are associated at the cytoplasmic face with a complex array of proteins, including cingulin, paracingulin and several members of the family of membrane-associated guanylate kinase homologs (MAGUK) [for review see [2, 3] ]. This family includes the Zonula occludens (ZO) proteins ZO-1, -2 and -3, which contain PDZ, SH3 and GUK domains that allow them to bind to a wide variety of proteins, including the integral proteins of the TJ [4] [5] [6] [7] [8] , connexins of gap junctions [9] [10] [11] [12] , α-catenin of adherens junctions [13] , and signaling molecules like kinases [14] . In addition, these proteins contain actin-binding regions that associate to actin [15, 16] and to actin binding proteins like 4.1 [17] and cortactin [18] . This configuration thus allows ZO proteins to act as bridges that physically link transmembrane TJ proteins to the apical cytoskeleton of F-actin and myosin II (actomyosin).
The movement of ions and molecules through the TJ depends on both the charge and size of the solute. Those smaller than 4 A o in radius, pass through claudin based pores [19, 20] , whereas larger solutes move as the contractile tone of the apical cytoskeleton increases and expands the intercellular space (for review see [21] ). The contractility of the actomyosin apical ring is regulated by protein RhoA [22] that activates Rho kinase (ROCK), which phosphorylates the myosin II regulatory light chain (MLC2) [23] . In addition, MLC2 is phosphorylated by the MLC kinase (MLCK) [24] , and ROCK can increase MLC2 phosphorylation through an indirect way, by the phosphorylation and consequent inactivation of MLC phosphatase [25] .
Rho proteins, RhoA, Cdc42 and Rac, are small guanosine triphosphate (GTP)-binding molecules that switch between a GDP-bound or inactive state and a GTPbound or active conformation. Switching between these two conditions is regulated by guanine nucleotide exchange factors (GEF) and GTPase activating proteins (GAPs). RhoA regulates both the contractility of the actomyosin apical ring [22] and TJ assembly [26] . RhoA inhibition either has no effect on TJ morphology and TJ protein distribution [27] , or triggers a decreased localization of junctional components at the membrane [26] . In correspondence, a constitutive Rho signaling favors the accumulation of TJ proteins at cell junctions and protects TJ during ATP depletion [26] , or can also induce a dramatic disorganization of TJ strands and protein distribution [27] . Therefore, a balance between the amount of active and quiescent RhoA appears to be crucial for the formation and stability of TJ.
ZO-2 is a 160 kD MAGUK protein with a dual localization. Thus in quiescent epithelial cells ZO-2 is present at the TJ, whereas in proliferating cells it localizes both at the TJ and the nucleus [28] . At the nucleus, ZO-2 accumulates in speckles, colocalizes with the essential splicing factor SC-35, and inhibits gene transcription by association to molecular complexes formed by transcription factors and histone deacetylases [29, 30] . The movement of ZO-2 between the nucleus and the TJ is controlled by several nuclear localization and exportation signals [31] that are regulated by posttranslational modifications including phosphorylation [32] and O-Nacetyl glycosylation [33] .
The presence of ZO-2 at both the nuclei and the cytoplasmic face of the plasma membrane, together with the vast amount of proteins that associate to ZO-2 (for review see [3] , have driven the interest to silence ZO-2 in order to detect processes where the expression of this protein is essential. In this respect, previously it had been found that silencing of both ZO-1 and ZO-2 impairs the polymerization of claudins into TJ strands [34] , revealing a redundant and fundamental role of these MAGUK proteins in TJ strand formation. In humans, the mutations in ZO-2 gene (TJP2) have been associated to familial hypercholanemia, a disease characterized by leakage of bile into serum [35] , and in chimeric mice, the lack of ZO-2 severely affects male fertility, as the blood-testis barrier is breached despite the correct expression of other TJ proteins [36] . These results thus revealed the seminal role of ZO-2 in sealing the TJs of the biliary ducts and testis.
Here we have employed a stable ZO-2 knock down (KD) MDCK cell line, to identify phenotypic changes that could pinpoint processes in which the participation of ZO-2 is crucial. We found that the lack of ZO-2 triggers: 1) A decrease in cell to substratum attachment accompanied by a diminished expression of claudin-7 and integrin β1, and reinforcement of adhesion sites by vinculin recruitment and profusion of stress fibers; 2) Lowered cell-cell aggregation coupled to the appearance of wider intercellular spaces; 3) Increased activity of RhoA/ROCK and actin-myosin contractility, mediated by cingulin recruitment to the cell borders of GEF-H1; 4) Increased activity of Cdc42 accompanied by mitotic spindle disorientation and the appearance of cells growing on top of each other in 2 dimension (D) cultures and of multiple lumens per cyst in 3D cultures; 5) Increased Rac and cofilin activity that correlates with the formation of multiple lamellipodia that induce random cell migration, instead of directional migration, but increase the velocity of wound closure; 6) A decrease in cingulin phosphorylation followed by the disappearance of the planar network of microtubules at the TJ region; and 7) Increased transepithelial electrical resistance (TER) and lowered paracellular permeability, coupled to an increased expression of ZO-1 and claudin-4 and a decreased expression of claudin-2 and paracingulin. Altogether, our results indicate that ZO-2 is important to regulate the activity of Rho proteins, for proper cell architecture to develop and for TJ formation and sealing.
Materials and Methods

Cell culture and Ca-switch assay
Parental (control) and ZO-2 KD MDCK II cells were kindly provided by Alan Fanning (University of North Carolina, Chapel Hill, NC) and cultured as previously described [37] . Three clones of ZO-2 KD cells were used in this study: IC5, IC6 and 2D1. All of For the Ca-switch assay, parental and ZO-2 KD cells were plated at sparse density (1.5 x 10 5 cells/cm 2 ) on Transwell filters or glass coverslips according to the experimental needs. When the monolayers had acquired confluence 48 h later, the cultures were gently washed 5 times with PBS without Ca 2+ and incubated in low Ca 2+ (LC) medium (1-5 μM Ca 2+ ). After 20 h in LC medium, the monolayers were switched to normal calcium medium (1.8 mM Ca 2+ ) for different periods of time.
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Cell transfections
ZO-2 KD cells were plated in 24-well plates at a density of 5x10 4 
Immunofluorescence
Immunofluorescence was done following standard procedures as described previously [38] using the following primary antibodies: rabbit polyclonals against ZO-2 (Invitrogen, Cat. 711400, dilution 1:100, Carlsbad, CA), myosin IIa (Covance, Cat. PRB-445P; dilution 1:100, Berkeley, CA), phospho myosin light chain kinase 2 (p-MLC2 Ser 20) (Abcam, Cat. Ab2480, dilution 1:100, Cambridge, MA), β-tubulin coupled to FITC (Sigma Aldrich, Cat. F2043, dilution 1:50, St. Louis, MO), claudin-1 (Invitrogen, Cat. 51-9000, dilution 1:50, Camarillo, CA) and claudin-7 (Invitrogen, Cat. 34-9100¸dilution 1:50, Camarillo, CA); and mouse monoclonals against gp135/podocalyxin (Invitrogen, Cat. 39-3800, dilution 1:100, Camarillo, CA), GEF-H1 (Abcam, Cat. Ab90783, dilution 1:5, Cambridge, MA), and β-tubulin (Sigma Aldrich, Cat. T7816; dilution 1:5000, St Louis, MO), as well as a rat monoclonal against Ecadherin (Sigma-Aldrich, Cat U3254; dilution 1:100, St Louis, MO), a rabbit monoclonal against p-cofilin (Ser3) (Cell Signaling Technology, Cat. 3313; dilution 1:1000; Danvers, MA) and a mouse monoclonal against β-tubulin (sigma-Aldrich, Cat T7816; dilution 1:500, St Louis, MO). As secondary antibodies we employed donkey antibodies against rabbit IgG coupled to Alexa Fluor 594 (Invitrogen, Cat A21207, dilution 1:100, Carlsbad, CA) and against mouse IgG coupled to Alexa Fluor 594 (Invitrogen, Cat A21203, dilution 1:100, Carlsbad, CA) or to Alexa Fluor 488 (Life Technologies, Cat A11001, dilution 1:100, Eugene, OR), as well as a rabbit antibody against rat IgG coupled to FITC (Sigma-Aldrich, Cat. F1763, St. Louis MO). Rhodaminated phalloidin (Invitrogen, Cat R415, 1:50, Eugene, OR) was employed for the detection of F-actin.
In the experiment with inhibitors ML-7 and Y27632, these drugs were added to confluent monolayers and after 30 min, the monolayers were washed thrice with PBS, fixed and processed for immunofluorescence. The C3 inhibitor was added for 2 h to confluent monolayers cultured in serum free media, the monolayers were washed thrice with PBS, fixed and processed for immunofluorescence.
MDCK ZO-2 KD cells have a bigger size than parental cells, since the lack of ZO-2 induces hypertrophy [39] . Therefore although the former cells might look bigger in the immunofluorescence images of this work, they were taken at the same magnification as parental cells, as indicated in each figure.
Western blot
Western blots were done following standard procedures [33] and employing the following mouse monoclonal antibodies against ROCK II (BD Biosciences, Cat. 610623, dilution 1:2000, San Jose, CA), GEF-H1 (Abcam, Cat. Ab90783, dilution 1:50, Cambridge, MA); integrin β4 (BD Biosciences, Cat. 611233, dilution 1:500, Franklin Lakes, NJ) β-tubulin (Sigma Aldrich, Cat. T7816, dilution 1:20,000, Saint Louis, MO) and actin (generated and generously provided by Dr Manuel Hernández, Cinvestav, Department of Cell Biology); and the following rabbit polyclonals against ZO-2 (Invitrogen, Cat. 711400, dilution 1:1000, Carlsbad, CA), phospho myosin light chain kinase 2 (p-MLC2 Ser 20) (Abcam, Cat. Ab2480, dilution 1:5000, Cambridge, MA), myosin IXb (Sigma Aldrich, Cat. M5566, dilution 1:2000, St. Louis, MO); claudin-7 (Invitrogen, Cat. 34-9100¸dilution 1:250, Camarillo, CA), integrin β1 (Millipore, Cat. AB1952, dilution 1:1000, Billerica, MA) and ROCK I (Chemicon International, Cat. AB3885, dilution 1:3000, Warford, United Kingdom). As secondary antibodies we employed a goat anti rabbit IgG coupled to peroxidase (Sigma Aldrich, Cat A9169, dilution 1:10,000, San Louis, MO)., followed by a chemiluminescence detection system (Immobilon™ Western, Millipore Corporation, Cat. WBKLS 0500, Billerica, MA).
For the mobility shift detection assay of phosphorylated proteins, a phosphate affinity SDS-PAGE was done with acrylamide-pendant Phos-tag ligand (Waco Pure Chemical Industries, Cat. AAL-107, Richmond, VA).
Semithin sections
Samples were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.2 for 60 min and postfixed with 1% osmium tetroxide in the same buffer for 60 min. Samples were dehydrated with increasing concentrations of ethanol and propylene oxide. Afterwards, they were embedded in Polybed epoxy resins and polymerized at 60°C for 24 h. Semithin sections (500 nm thick ) were obtained and stained with toluidin blau (Sigma) and observed in an Axiophot photo-microscope (Carl Zeiss, Germany) equipped with a Zeiss AxioCam MRc digital camera (Carl Zeiss Vision GmbH, Germany).
Rho proteins activation assays
RhoA activity was measured by G-LISA™ assay (Cytoskeleton, Cat BK124, Denver, CO) done on cell extracts derived from control and ZO-2 KD MDCK cells. Absorbance was read at 490 nm.
Activation of Cdc42 and Rac1 in parental and ZO-2 KD cells and of RhoA in ZO-2 KD cells transfected with a hZO-2 construct, non-sensitive to the shRNA against ZO-2, was assessed by detecting in a pulldown assay, as previously described [40] , the interaction of the Rho proteins with GST fusion proteins that contain their effector protein domains: CRIB domain of PAK for Cdc42 and Rac1, and RBD domain of Rhotekin for RhoA. MDCK cells were washed with PBS containing 10 mM MgCl2 and lysed with 1 ml of ice-cold lysis buffer (50 mM Tris, 150 mM NaCl, pH 7.5, containing 1% Triton X-100, 5 mM EDTA), protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, and 10 g/ml aprotinin), and phosphatase inhibitors (1 mM NaF, 1 mM sodium orthovanadate, and 1 mM glycerolphosphate), containing 10 mM MgCl2. Cell lysates were incubated with 40 l of GST-PAK CRIB or GST-Rhotekin RBD beads on ice for 45 min on a shaker. Beads were then centrifuged at 5,000 rpm for 2 min and washed with lysis buffer. Beads were then resuspended in 35 l of 1X Laemmli buffer, boiled for 5 min, centrifuged at 13,000 rpm for 5 min. Beads were then resolved in 12% acrylamide, transferred to PVDF membranes, and immunoblotted using anti-Cdc42 (Santa Cruz Biotechnology Inc. Cat. sc-87, dilution 1:5,000), anti-Rac1 (Santa Cruz Biotechnology Inc. Cat. sc-217, dilution 1:40000) or anti-RhoA (Santa Cruz Biotechnology Inc. Cat. sc-418, dilution 1:5000) monoclonal antibodies. As controls, total cell lysates were analyzed in parallel.
Spatiotemporal dynamics of RhoA activation
For this purpose we employed a single-chain biosensor previously described [41] that responds to RhoA activation (Addgene, plasmid 12150, Cambridge, MA) and consists of a Rho-binding domain of the effector rhotekin (RBD) which specifically binds to GTP-RhoA, followed by cyan fluorescent protein (CFP), a linker of optimized length, a pH-insensitive variant of yellow fluorescent protein (YFP) and full length RhoA.
To study RhoA activation patterns during TJ assembly, control and ZO-2 KD MDCK cells, were plated at a density of 2 x 10 5 cells on glass coverslips placed on wells with an area of 2 cm 2 within a microplate with 24 wells. 48 h later, cells were transfected with the RhoA biosensor plasmid (2 μg DNA/well) and after 24 h the monolayers were washed 5 times with PBS without Ca 2+ and incubated in low Ca 2+ (LC) medium (1-5 μM Ca 2+ ). After 20 h in LC medium, the monolayers were switched to normal calcium medium (1.8 mM Ca 2+ ) for different periods of time after which RhoA activation pattern were studied as the FRET/CFP ratio. To acquire and process the images we followed step by step a protocol previously published that describes in detail the use of fluorescence resonance energy transfer biosensors [42] . The mean YFP/CFP emission ratio of entire cells was quantitated using Image J.
Immunoprecipitation
ZO-2 was immunoprecipitated from parental MDCK cells with antibodies against ZO-2 (Invitrogen, Cat. 71-1400, Camarillo, Ca) as previously described [33] , with a radioimmunoprecipitation assay buffer containing: 50 mM Tris -HCl, pH 7.5, 150 mM NaCl, 1% NP-40 (vol/vol) and the protease inhibitor cocktail Complete™ (Roche Diagnostics, Cat. 11697498001, Mannheim, Germany).
Duolink in situ proximity ligation assay (PLA)
The Duolink in situ proximity ligation assay (PLA) (Olink Bioscience, Cat. 92101, Uppsala, Sweden) was done according to the manufacturer's instructions, employing a rabbit against ZO-2 antibody (Invitrogen, Cat. 71-1400; dilution 1:100; Camarillo, CA) and a mouse anti GEF-H1 antibody (Abcam, Cat. Ab90783; dilution 1:5, Cambridge, MA). After the Duolink reaction was completed, in some experiments the preparations were washed 3 times and the cell borders were stained with rat anti E-cadherin antibody (Sigma Aldrich, U3254, dilution 1:100, St. Louis, MO), followed by anti rat antibody coupled to FITC (Sigma Aldrich, F1763, dilution 1:100, St Louis, MO). Quantitative analysis of PLA assays was done using BlobFinder [43] developed by the Centre for Image Analysis at Uppsala University (www.cb.uu.se/amin/BlobFinder/).
Cell fractionation assay
Membrane fractions from ZO-2 KD and parental MDCK cells, were isolated using the Compartmental protein extraction kit (Millipore Bioscience Research, Cat. 2145; Temecula, CA) following the manufacturer's instructions. Membrane isolates were run on a SDS-PAGE and a Western blot was performed using as plasma membrane marker, an antibody against de β1 subunit of the Na + ,K + -ATPase (kindly donated by Michael Caplan of Yale University, New Haven, CT).
Assay to evaluate the susceptibility of cell-cell adhesion to trypsin treatment
Confluent parental and ZO-2 KD monolayers were treated with 0.05% trypsin in 0.05% EDTA at 37 o C for 15 min. The enzymatic digestion was stopped by the addition of CDMEM, and the number of single cells and cell aggregates was determined in photos taken with a high resolution microscopy camera (AxioCam MRc 5, Zeiss, 0450-354, Oberkochen, Germany) placed on an inverted microscope (Zeiss Axio Observer.Z1, Oberkochen, Germany).
Cell detachment assay
Parental and ZO-2 KD cells were plated at a density of 2.5 x 10 5 cells/cm 2 in 24 well plates. After 24 h of incubation in CDMEM the cells were washed three times with PBS and then treated for 5 or 10 min with trypsin (100 μl/well from a stock solution of 0.05% trypsin and 0.05% versene in PBS) to induce cell detachment. Then, trypsin was inactivated by the addition of CDMEM. Next, the monolayers were washed twice with PBS and fixed for 10 min with 100 μl/well of methanol. The attached cells were then stained for 5 min with filtered 1% (w/v) crystal violet at room temperature. After washing away the excess of stain with water and drying, the stained cells were solubilized in 1% (w/v) deoxycholate and 10 mM Hepes pH 7.4. The amount of stain was estimated in a plate reader at 590 nm.
Cell migration assay
Confluent monolayers grown on glass coverslips were incubated with 5 μg/ml of mitomycin C, to inhibit DNA synthesis, in order to evaluate cell migration without the interference of cell proliferation. After 2 h, the media was retired and the monolayers were wounded with the tip of a pipette. Then the monolayers were washed twice with PBS, incubated with CDMEM and placed inside an environmental chamber with the temperature controlled at 37 o C (Heating Insert P Lab-TekTM S1, Zeiss, Cat. 411860-9025-000, Erbach, Germany) (TempModule S1, PeCon, Cat. 800-800 000, Erbach, Germany) and an atmosphere of 5% CO2 (CO2 Module S1, PeCon, Cat. 810-800 001, Erbach, Germany) (CO2-Cover PM S1, PeCon, Cat. 411857-9110-000, Erbach, Germany) located on an inverted microscope Zeiss Axio Observer.Z1. Images were taken with a high resolution microscopy camera 
Cell mobility assay
Parental and ZO-2 KD cells were plated at low density (2.5 X 10 4 cells/cm 2 ) and 24 h later a cell mobility analysis was performed using the inverted microscope Zeiss Axio Observer.Z1 equipped with an environmental chamber with the temperature controlled at 37 o C (Heating Insert P Lab-TekTM S1, Zeiss, Cat. 411860-9025-000, Erbach, Germany) (TempModule S1, PeCon, Cat. 800-800 000, Erbach, Germany) and an atmosphere of 5% CO2 (CO2 Module S1, PeCon, Cat. 810-800 001, Erbach Germany) (CO2-Cover PM S1, PeCon, Cat. 411857-9110-000, Erbach, Germany). The movement of isolated cells and of cell islets was followed by time-lapse video microscopy with a digital camera (AxioCam MRc 5, Zeiss, 0450-354, Oberkochen, Germany) recording every 4 min for 5 h at 10 X magnification. The trajectories and the migration speeds were analyzed with the Manual tracking ImageJ plugin (http://rsb.info.nih.gov/ij/plugins/track/track.html).
Cyst formation
ZO-2 KD and parental MDCK cells were trypsinized, resuspended in 30 μl of DMEM at a cell density of 3 x 10 6 cells/ml, mixed with 20 μl of Matrigel (BD Bioscience, Cat. 356234, Rockville, MD), plated on top of a Transwell insert (Polycarbonate filter, 6.5 mm diameter, 0.4 μm pores; Cat. 3414; Corning, Tewksbury, MA), placed inside a 24 multiwell plate containing DMEM, and incubated for 1 h at 37 o C in an air 5% CO2 atmosphere. Then the upper chamber of the Transwell was bathed with 100 μl of CDMEM and left in the incubator for additional 10 days. Replenishing the culture media with fresh CDMEM every third day. The cysts formed were then fixed with 2% paraformaldehyde, permeabilized with 0.5% of Triton X-100 in PBS, and processed for immunofluorescence in the Transwell insert by overnight incubation with a rabbit antibody against claudin-1 (Invitrogen, Cat. 51-9000, dilution 1:1000, Camarillo, CA) and a mouse monoclonal antibody against gp135/podocalyxin (Invitrogen, Cat. 39-3800, dilution 1:100, Camarillo, CA). The Transwell were next incubated overnight with an anti mouse antibody coupled to Alexa Fluor 488 (Life Technologies, Cat. A11001, dilution 1:300 Eugene, OR) and an anti rabbit antibody coupled to Alexa Fluor 594 (Life Technologies, Cat. A11012, dilution 1:300 Eugene, OR). After 12 washes with PBS, the Transwell inserts were inverted and the filters detached with a cutter. Then the Matrigel matrixes containing the cysts were pulled away from the underlying filters by pushing the gelatinous matrixes with a spatula and placing them upon a slide, where they were covered for 5 min. with Topro-3 (Life Technologies, Cat. T3605, Eugene, OR) dissolved in PBS (dilution 1:10,000), washed 5 times with PBS and covered with mounting media and a coverslip. Samples were observed in the Leica SP8 confocal microscope.
Quantitative Reverse Transcription-Polymerase Chain reaction (qRT-PCR)
Total RNA was extracted from parental and ZO-2 KD MDCK cells using the TRIreagent (Sigma-Aldrich, Cat. T9424, St. Louis, MO). RT-qPCR was performed by a onestep method employing KAPA SYBR ® FAST qPCR kit (KAPA Biosystems, Cat. KK4600, Wilmington, MA) according to the manufacturer's instructions. Quadruplicate samples were subjected to qPCR by using the Step One plus Real Time PCR system (Applied Biosystems Cat. 4376600, Carlsbad, CA). The PCR conditions were: after an initial cycle of 5 min at AGAGTTGGGCTTAGGGTAGG; integrin β1, forward: CTCCAGCCAGAAGATATTACTCAG, reverse: AAATGAACCAAACCCAATTCGG; integrin β4, forward: AAATCCACTTCAACTGGCTG, reverse: GCACACCTTCATCTCATAGTC; large ribosomal protein P0 (PRP0), forward: TACAACCCTGAAGTGCTTGAC, reverse: GCAGATGGATCAGCCAAGAAG. The relative abundance of claudin mRNA was expressed as sample vs parental in comparison to (PRP0) mRNA and was calculated using 2 -ΔΔct method.
Measurement of transepithelial electrical resistance (TER)
Parental and ZO-2 KD MDCK cells were grown on 1.12 cm 2 polyester membranes Transwell clear inserts (pore size 0.4 μm; Corning Inc., Cat. 3460, Corning, NY). TER was continuously measured from each insert by using an automated cell monitoring system, cellZscope (nanoAnalytics GmbH, Munster, Germany). TER values were obtained by using the cellZscope software, version 1.5.0.
Paracellular flux assay
The paracellular flux assay was done as previously described [44] . Briefly 200 μl of tracer solution 10 μg/ml FITC-Dextran of 10 kDa (Invitrogen Cat. D1821, Eugene, OR) or 70 kDa (Invitrogen D1823, Eugene, OR) were added to the apical side of confluent parental and ZO-2 monolayers plated on Transwell inserts (Costar, Cat. 3470, Tewksbury, MA). After one h of incubation at 37 o C, media from the upper and lower chambers were collected and the amount of FITC-Dextran was measured in a fluorometer (excitation 492 nm; emission 520 nm).
Drugs and inhibitors
C3 transferase from Clostridium botulinum (Cytoskeleton, Inc., Cat. CT03, Denver, CO), was prepared as 1 mg/ml stock in water, and used at a concentration of 1 μg/ml. Y27632 (Merck KGaA, Cat 688000, Darmstadt, Germany), was prepared as a 10 mM stock in water, and used at a concentration of 10 μM. ML-7 (Merck KGaA, Cat 475880, Darmstadt, Germany) was prepared as a 10 mM stock in DMSO, and used at a concentration of 10 μM. Mitomycin C from Streptomyces caespitosus (Sigma-Aldrich, Cat. M0503, St. Louis, MO) was prepared as a 5 mg/ml stock in water, and used at a concentration of 5 μg/ml. Forskolin (Sigma-Aldrich, Cat. F6886, St. Louis, MO) was prepared as a 10 mM stock in DMSO, and used at a concentration of 50 μM.
Results
ZO-2 KD cells display an altered cytoarchitecture accompanied by an atypical abundance of stress fibers
Treatment of MDCK monolayers with a shRNA that completely abolishes ZO-2 expression (ZO-2 KD), augments the expression of ZO-1 (Fig. 1A) , increases the size of cells by hypertrophy [39] and triggers an atypical morphology characterized by areas that detach from the substrate, wider intercellular spaces and regions where some cells grow on top of others (Fig. 1B) . These changes vanish upon transfection of a hZO-2 construct, not susceptible to the shRNA against ZO-2, into ZO-2 KD cells ( Fig. 1 A and  B) . By immunofluorescence, ZO-2 KD MDCK, show in lateral images an altered apical profile, with areas where the apical surface appears to have overgrown (Fig. 1C) . Next we analyzed in en face views the distribution of actin at the apical and basal levels. To discard the possibility that the phenotypic changes could be the result of shRNA offtarget effects, we analyzed three clones of ZO-2 KD MDCK cells: clone IC5 that was employed for the experiments depicted in Fig 1A, B, C and D and clones IC6 and 2D1 in Figure 1D . This last figure reveals that ZO-2 KD cells maintain at the apical level, a ring of actin at the cell borders, while at the basal level, they exhibit large cumulus of stress fibers. Hereafter, and unless otherwise indicated, all the ZO-2 KD cells used in this work correspond to clone IC5, and will be referred only as ZO-2 KD cells.
The absence of ZO-2 favors cells disaggregation, vinculin recruitment to focal adhesions, decreases the expression of claudin-7 and integrin β1 and facilitates cell detachment.
Because monolayers of ZO-2 KD cells exhibit wider intercellular spaces (Fig. 1B) , we next tested the susceptibility of these cells to extracellular trypsin treatment. For this end, confluent parental and ZO-2 KD cells transfected or not with hZO-2, were treated with 0.05% trypsin in 0.05% EDTA at 37 o C for 15 min. Then, the dispersed cells were observed under a microscope and single cells and aggregates of two to three cells, and of more than three cells were counted. Figure 2A shows that the percentage of single cells against cell aggregates was higher in ZO-2 KD than in parental cells, and that this effect was reversed by hZO-2 transfection. These results indicate that lack of ZO-2 debilitates cell-cell adhesion.
As we observed that in ZO-2 KD cells areas of the monolayers are not attached to the substrate (Fig. 1B) , we next performed a cell detachment assay by treating parental and ZO-2 KD cells transfected or not with hZO-2, for 5 or 10 min with 0.05% trypsin in 0.05% EDTA at 37 o C. Figure 2B reveals that the lack of ZO-2 facilitates cell to substrate detachment, indicated by the reduced amount of cells stained with crystal violet that remain in the wells after trypsin treatment. This effect diminished upon transfection of hZO-2 to ZO-2 KD cells. Next we explored the expression of vinculin at the basal surface of ZO-2 KD cells, and observed a profusion of vinculin spots in ZO-2 KD cells that diminished upon transfection of hZO-2 (Fig. 2C) . These results hence suggest, that in ZO-2 KD cells, the areas of the monolayers that still remain attached to the substrate, reinforce their focal adhesions with vinculin and stress fibers.
Then, with the aim of understanding the enhanced cell to substrate detachment induced by the lack of ZO-2, we explored the expression of claudin-7 and integrin β1. Claudin-7 co-localizes and forms a stable complex with integrin β1 and its deletion leads to a reduction in integrin β1 expression and a decreased cell-matrix adhesion [45] [46] . Figure 2D shows by Western blot (left) and immunofluorescence (right) a significant decrease in claudin-7 in ZO-2 KD cells and in addition, the Western blot shows that the amount of claudin-7 recovers upon transfection of hZO-2 into ZO-2 KD cells. This change appears to be due to loss of protein and not to altered transcription since qRT-PCR reveals no difference in mRNA for claudin-7 between parental and ZO-2 KD cells ( Figure 2E ). This change is accompanied by a decreased expression of integrin β1 in ZO-2 KD cells at the protein level, that can be reversed by hZO-2 transfection (Fig. 2F) and not by alterations in mRNA as determined by qRT-PCR (Fig.  2G) .
Taken together our results suggest that the decreased expression of claudin-7 and integrin β1 enhance the detachment of ZO-2 KD cells from the substrate.
The absence of ZO-2 triggers Rac activation and cofilin dephosphorylation that induces the formation of multiple lamellipodia and reduces directionality persistence, but increases wound closure.
Next, we explored if the absence of ZO-2 altered the formation of lamellae. We found that ZO-2 KD monolayers, wounded 24 h earlier with a pipette tip form bigger lamellae than parental cells and this effect is reversed when ZO-2 KD cells are transfected with hZO-2 (Fig. 3A) . Figure 3B reveals that individual MDCK ZO-2 KD cells and islands display many lamellae that protrude from multiple points around the cells, while individual parental cells and islands protrude a single lamella.
Because integrin α6β4, a receptor of laminin, mediates the formation and stabilization of lamellae [47] , we analyzed the expression of integrin β4, finding that the amount of this protein increased in ZO-2 KD cells, and diminished upon transfection of hZO-2 into ZO-2 KD cells (Fig. 3C ), while no change was detected at the mRNA level with a qRT-PCR (Fig. 3D) .
Then, we analyzed the phosphorylation status of cofilin in parental and ZO-2 KD MDCK cells, since F-actin binding, severing and depolymerization activity of cofilin is activated by its dephosphorylation at serine 3. Cofilin activity is crucial for the formation of lamellipodial protrusions and cell motility, as the actin monomers disassembled from the rear of the network, are recycled to the leading edge for further rounds of polymerization (for review see [48] . Figure 3E shows that in ZO-2 KD cells cofilin is significantly less phosphorylated than in parental cells, thus suggesting that the profusion of lamellae triggered by the absence of ZO-2, is mediated by an increased cofilin activity.
Next we analyzed Rac1 activity, since this member of the Rho family of GTPases promotes cofilin dephosphorylation [49] . Figure 4A reveals in a pulldown assay, that a higher amount of active, GTP-bound Rac1, is present in ZO-2 KD cells in comparison to parental cells, and this increase returns to its basal level upon transfection of hZO-2 into ZO-2 KD cells. These results hence suggest that activation of cofilin in ZO-2 KD cells might be mediated by Rac1.
Rac is known to promote the formation of lamellae and random cell migration, instead of directional migration [50] . Hence, we followed by time-lapse video microscopy the movement of isolated cells and of cells within islets from ZO-2 KD and parental cultures. Figure 4B , shows examples of trajectories followed by parental and ZO-2 KD single cells and islands. We observed that ZO-2 KD cells travel a longer distance than parental cells, and that in both cases islands of cells travel longer distances than isolated cells (Individual cells: parental, 55.7 ± 7.4 μm, n=20 cells vs ZO-2 KD, 74.96 ± 9.5 μm, n=19 cells; Islands: parental, 71.02 ± 6.8 μm, n=21 cells vs ZO-2 KD, 139.4 ± 4.8 μm, n=19 cells). Then, we determined the directionality index, calculated as the ratio of the distance between starting and ending points divided by the actual trajectory [51] and found a lower directionality index in ZO-2 KD cells (Fig.  4C) . These results hence indicate that ZO-2 KD cells are moving more than parental cells, but that the appearance in ZO-2 KD cells of multiple lamellae that are competing for movement of the cell/island reduces the directionality persistence of these cells.
Next, we tested if the absence of ZO-2 affects wound closure. For this purpose confluent monolayers of parental and ZO-2 KD cells transfected or not with hZO-2, were treated for 2 h with mitomycin-C to prevent proliferation during migration. Then the monolayers were scratched with a pipette tip and the degree of wound closure was evaluated 7 and 14 h later. Figure 4D reveals that wound closure is more efficient in ZO-2 KD than in parental cells. Upon transfection of hZO-2 into ZO-2 KD cells we do not observe a significant effect by the 7 th h, but at the 14 th h a diminished wound healing is detected in comparison to ZO-2 KD cells, thus indicating that wound closure is modulated by ZO-2.
Loss of ZO-2 triggers the activation of RhoA and its downstream effector ROCK II
Previously it was demonstrated that a dominant active RhoA, another member of the Rho family of GTPases, regulates epithelial intercellular junctions, produces aggregates of stress fibers at the basal membrane and generates areas of multilayers within the monolayer [52] . Moreover, it was reported that an increase in active RhoA level triggered by the expression of p114RhoGEF, induced in corneal epithelial cells the development of apical elongations with a dome-like appearance [53] . Since these observations resemble the changes we observe in ZO-2 KD cells (Fig. 1) , we next explored whether the absence of ZO-2 had an impact on RhoA activation. Figure 5A shows through a G-LISA™ assay, that a higher amount of active RhoA is present in ZO-2 KD cells than in parental cells. To explore in more detail the activation of RhoA, we next performed a RhoA GTPase activation assay that detects the interaction of RhoA with a fusion protein that contains the RBD domain of rhotekin, using a pulldown strategy. Figure 5B (first three lanes) reveals higher amount of active RhoA, relative to total Rho, in ZO-2 KD cells. Surprisingly, this figure also shows that transfection of a hZO-2 construct into parental or ZO-2 KD cells further increases RhoA activation, thus indicating that RhoA activity increases above the level present in parental cells both upon ZO-2 depletion or over-expression.
Next we explored in parental and ZO-2 KD cells, the capacity of RhoA to respond to an activator, the G-protein-coupled receptor agonist, phospholipid lysophosphatidic acid (LPA). Figure 5B shows that treatment of parental cells with LPA increases RhoA activity while the absence of ZO-2 blocks the capacity of RhoA to respond to LPA treatment. Taken together, these results suggest that in ZO-2 KD cells the activity of RhoA is higher than in parental cells, but cannot be stimulated further unless ZO-2 is restored into the cells.
Then we analyzed the impact of hZO-2 transfection on stress fiber formation in ZO-2 KD cells. We observed in the same monolayer, cells with different levels of transfection efficiency, which were labeled as high, medium and low ZO-2 expressing cells (Fig. 5C, left panel) . Surprisingly, in cells with the same level of ZO-2 expression, we could find differences in the profusion of stress fibers, as in some cells the amount decreased, increased or had no change, in comparison to the surrounding untransfected cells (Fig. 5, right panel) . However, the frequency of appearance of the different patterns, revealed that in 65 and 63% of cells displaying low and high overexpression of Z0-2 respectively, the amount of stress fibers diminished in comparison to the surrounding untransfected cells, while in cells with a medium over-expression of ZO-2, 45% showed a decrease in stress fibers while 38% displayed no change (Fig.  5C, lower panel) . These observations hence suggest that hZO-2 transfection into ZO-2 KD cells, changes in the majority of cells the amount of stress fibers, being a reduction in stress fiber profusion the most frequent behavior.
We next aimed to explore the activation RhoA in ZO-2 KD and parental cells during the de novo formation of cell-cell contacts. For this purpose we performed a Caswitch assay, in which cells were transferred from low Ca 2+ (LC, 1-5 μM) to normal Ca 2+ (NC, 1.8 mM) containing media, to induce the formation of cell-cell junctions, and evaluated at different times after the Ca-switch the spatiotemporal dynamics of RhoA activation through the use of a RhoA biosensor with intramolecular fluorescence resonance energy transfer (FRET) [41] . Figure 5D shows that in cells incubated in LC media, bigger patches of high RhoA activity are present in ZO-2 KD cells than in parental cells. Ca-switch induces the activation of RhoA, and a higher level of activity is present in ZO-2 KD versus parental cells from 0 to 60 min after the Ca-switch. These results hence indicate that before calcium mediated cell-cell adhesion is established, and early during the process of cell junction formation, the lack of ZO-2 favors the activation of RhoA.
We next studied in parental and ZO-2 KD cells transfected or not with hZO-2, the downstream effector of RhoA, the kinase ROCK. The Western blot in figure 6A , shows an increased expression of ROCK II in ZO-2 KD cells transfected or not with hZO-2 versus parental cells (right panel), while ROCK I showed no change between parental and ZO-2 KD cells (left panel). The increase in ROCK II was expected since more active RhoA was detected in ZO-2 KD cells transfected with ZO-2, than in ZO-2 KD cells. (Fig. 5B) .
ROCK II induces actin-myosin contractility by phosphorylating the regulatory myosin light chain (MLC2), and accordingly, in figure 6B the Western blot reveals an increased phosphorylation of MLC2 in ZO-2KD in comparison to parental cells and a diminished phosphorylation upon transfection of hZO-2 into ZO-2 KD cells. The latter might seem surprising since the amount of active RhoA is higher after hZO-2 transfection into ZO-2 KD cells. However, the regulation of MLC2 phosphorylation is extremely complex and involves multiple MLC kinases, regulated by a variety of upstream molecules (for review see [54] ), including Rac which in our hands is less active upon transfection of hZO-2 into ZO-2 KD cells (Fig. 4A) .
By immunofluorescence we observe that in ZO-2 KD cells, myosin IIa and the phosphorylated MLC2 concentrate at the cumulus of stress fibers present the basal surface ( Fig 6C) . The nuclear staining obtained with the anti p-MLC2 antibody corresponds to a non-specific staining observed previously [55] .
To confirm these results, we next analyzed the impact of C3 transferase from Clostridium botulinum, an ADP-ribosyl transferase that selectively ribosylates RhoA, B and C proteins rendering them inactive [56] ; of Y27632, a potent, cell permeable, reversible and selective inhibitor of ROCK I and II [57] ; and of ML-7 a selective inhibitor of myosin light chain kinase (MLCK) [58] , an enzyme that phosphorylates MLC2. Figure 6D reveals that when ZO-2 KD cells are treated with C3 and ML-7 an increased signal of myosin IIa and p-MLC2 is detected at the apical borders of the cells. In parental cells, a similar situation is observed with myosin IIa after treatment with C3. When parental or ZO-2 KD cells are treated with C3, the profusion of actin, myosin IIa and p-MLC2 basal stress fibers and clusters disappears, while treatment with Y27632 exerts a similar, yet less profound effect. The incubation with ML-7 elicits no significant effect on actin, myosin IIa and p-MLC2 present at the basal level. A similar effect is observed in parental cells. Altogether, these results suggest that the formation of basal stress fibers requires the activation of RhoA and ROCK, but not that of MLCK.
GEF-H1 that promotes the formation of stress fibers, is recruited by cingulin to the cell borders of ZO-2 KD cells
The activity of small G proteins is stimulated by GEFs, and in particular that of RhoA at the apical junctional complex is regulated by two: p114RhoGEF whose association to the TJ adaptor protein cingulin, promotes TJ formation and maturation [53] , and GEF-H1 whose association to cingulin and paracingulin inhibits its GEF activity and reduces RhoA signaling [59] [60] . Since the absence of ZO-2 promotes RhoA activation, we explored whether ZO-2 associates to GEF-H1 in parental MDCK cells. Figure 7A shows that ZO-2 and GEF-H1 co-immunoprecipitate. Next, we made a proximity ligation assay (PLA) using a rabbit antibody to detect ZO-2 and a mouse antibody for GEF-H1. Figure 7B confirms, with the appearance of discrete red fluorescent spots, the interaction of ZO-2 and GEF-H1 in the cell borders and cytoplasm.
Then, we transfected parental MDCK cells with EGFP and an active form of GEF-H1 (GEF-H1-C53R), and observed that transfected cells exhibit abundant stress fiber at the basal level (Fig. 7C, upper row) . In accordance, in ZO-2 KD cells transfected with EGFP and a dominant negative GEF-H1 (GEF-H1-Y393A) we observe a diminished amount of stress fibers (Fig. 7C, lower row) . These results hence suggest that the lack of ZO-2 induces the over-abundance of stress fibers through a process mediated by GEF-H1.
Previously it was demonstrated that p21-activated-kinase 4 (PAK4) mediates the phosphorylation of GEF-H1 at the serine residue located within the RRXSLXG consensus site. This phosphorylation acts as a switch to block GEF-H1-dependent stress fiber formation [61] . Because we observe a profusion of stress fibers in ZO-2 KD cells, we next explored the phosphorylation status of GEF-H1 in these cells. Figure 7D shows a higher content of phospho-GEF-H1 (p-GEF-H1) in parental than in ZO-2 KD cells, thus indicating that the formation of stress fibers induced by ZO-2 absence, involves GEF-H1 dephosphorylation. Instead, the amount of total GEF-H1 is not affected by the lack of ZO-2.
Next we studied whether the distribution of GEF-H1 is altered in ZO-2 KD cells in comparison to parental MDCK. By immunofluorescence we observed that in parental MDCK cells, GEF-H1 localized at the cell borders and Golgi, as previously reported [62] [61] , and that the absence of ZO-2 increased the signal of GEF-H1 at the cell borders, and disappeared the staining at the Golgi (Fig. 7E) . Then, we performed a cell fractionation assay and by Western blot confirmed a higher accumulation of GEF-H1 at the plasma membrane of ZO-2 KD cells in comparison to parental cells (Fig.7F) .
We asked how was GEF-H1 being recruited to the cell borders in the absence of ZO-2. For this purpose we analyzed the level of expression of paracingulin and cingulin in ZO-2 KD MDCK cells. Figure 8A shows by immunofluorescence no apparent change in cingulin expression at the cell borders, while ZO-2 KD cells expressed paracingulin in a less intense manner than parental cells. By Western blot we observed in ZO-2 KD cells a decrease in paracingulin, accompanied by an increase in cingulin expression (Fig. 8B) . The latter can be reversed by transfection of hZO-2 into ZO-2 KD cells (Fig. 8F) . Then we tested if the absence of ZO-2, favored the association of cingulin to GEF-H1. Figure 8C shows in a PLA assay, that in ZO-2 KD cells in comparison to parental cells, a significantly higher amount of red spots are present, thus suggesting an increase in cingulin-GEF-H1 interaction. It is also noteworthy, that many of these positive spots are located along the cell borders (arrow).
Altogether, these results suggest that the absence of ZO-2 favors the recruitment of GEF-H1 to the cell borders by cingulin. There, the reduced expression of paracingulin might not be able to turn off GEF-H1 signaling, producing in consequence the increased RhoA signaling.
The absence of ZO-2 decreases cingulin phosphorylation and microtubules association to TJ.
Cingulin phosphorylation by adenosine monophosphate-activated protein kinase (AMPK) has recently been shown to promote microtubule association with TJ [63] . Since we had observed that the lack of ZO-2 increased the amount of cingulin, we next tested if ZO-2 KD cells displayed a change in microtubule organization at the TJ. Figure 8D reveals that ZO-2 KD cells lose the microtubules that in parental cells are aligned laterally to TJs, forming a non-centrosomal network organized into a planar apical structure. However, treatment of ZO-2 KD cells with forskolin, an inducer of AMPK activation [64] as well as the reintroduction of ZO-2, triggered the reappearance of microtubules at the cell borders
To analyze the effect of these treatments on cingulin phosphorylation, we performed a mobility shift detection assay for cingulin, running the extracts of parental and ZO-2 KD cells on phosphate-affinity SDS-PAGE with a dinuclear manganese complex of acrylamide-pendant Phos-tag, which binds and retards the migration of phosphorylated proteins. In figure 8E we observe a higher migration of cingulin in ZO-2 KD cells in comparison to parental cells that is reversed by hZO-2 transfection or forskolin. Then we analyzed if ZO-2 modulates the interaction of cingulin with β-tubulin. Figure 8F reveals that the amount of β-tubulin that coimmunoprecipitates with cingulin diminishes in ZO-2 KD cells in comparison to parental cells, and that this effect is reversed upon hZO-2 transfection or treatment with forskolin.
Altogether these results suggest that ZO-2 facilitates the phosphorylation of cingulin by AMPK, which allows the interaction of cingulin with microtubules at the apical junctional region.
ZO-2 regulates TJ barrier function and claudin-2 expression
We next analyzed the development of the TJ barrier function in ZO-2 KD and parental monolayers during the Ca-switch. Figure 9 A shows that ZO-2 KD cells reach a much lower peak TER value than parental cells. This effect is due to the lack of ZO-2, as it can be reversed by the transfection of hZO-2 ( Figure 9A ).
We also observed that when TER is stable in both cell lines (e.g. 40 h after the Ca-switch), the value in ZO-2 KD cells is 43% higher than in parental cells ( Figure 9A , inset), and the paracellular permeability of the monolayers to fluorescent dextran of 10 and 70 kDa is lower in ZO-2 KD than in parental cells ( Figure 9B ). These effects are due to the absence of ZO-2 as the transfection of hZO-2 into ZO-2 KD cells decreases TER and augments dextran permeability at steady state.
It is well established that the set of claudins expressed by a tissue defines the selectivity and "tightness" of the paracellular pathway (for review see [21] . Claudin-2 is a key determinant of TJ ionic selectivity, as it forms paracellular cationic pores [65, 66] that increase TJ permeability [67] and decrease TER [68] . Instead, claudin 4 has been shown to exert the opposite effect and to function as a cationic barrier [69] or an anion pore [70] . With this in mind, we next analyzed the expression of claudins -2 and -4 in parental and ZO-2 KD cells.
By immunofluorescence claudin-2 is not detected at the cell-cell junctions in ZO-2 KD cells at any time after the Ca-switch (Fig. 9C) , while at the cell borders of parental cells, it is barely present at the peak of TER and conspicuously found at steady state. In contrast, claudin-4 is present in both parental and ZO-2 KD cells, however at the steady state, it is more abundant at the cell borders of MDCK ZO-2 KD cells than in parental cells.
The Western blot confirms that a higher amount of claudin-2 is present in MDCK parental cells in comparison ZO-2 KD cells (Fig. 9D, left) . Since the transcription factor GATA-4 controls claudin-2 expression [71] , we next analyzed the expression level of GATA-4 in ZO-2 KD cells. The Western blot in figure 9E shows the same level of expression of GATA-4 in ZO-2 KD in comparison to parental MDCK cells. However, upon transfection of GATA-4 to ZO-2 KD cells, we observe a significant increase of claudin-2 expression. Then, by qRT-PCR we analyzed the mRNA level for claudin-2 and detected no differences between parental and ZO-2 KD cells (Fig. 9F, left) . These results hence indicate that the decreased expression of claudin-2 in ZO-2 KD cells is regulated post transcription.
The Western blot of claudin-4 reveals an increased expression of this protein in ZO-2 KD cells (Fig. 9D, right) . In agreement, the qRT-PCR reveals a similar increase of claudin-4 mRNA in ZO-2 KD cells (Fig. 9F right) thus indicating that the lack of ZO-2 up-regulates at the transcriptional level the expression of claudin-4.
Altogether, our results suggest that the increased TER detected at steady state in the absence of ZO-2, is due to the generation of an altered expression of claudins.
The lack of ZO-2 triggers Cdc42 activation, mitotic spindle disorientation and the formation of cysts with multiple lumens
In ZO-2 KD cells, some cells are located on top of others (Fig. 1B) . This observation prompted us to explore whether the lack of ZO-2 triggers an alteration in the orientation of the mitotic spindle angle. Figures 10A and B show that in parental cells, 56% of divisions occur parallel to the substrate surface (0-10 o angle) while in ZO-2 KD cells, 34% of the mitotic spindles are parallel to the surface of the substrate. Next, we tested whether the disorientation of the mitotic spindle, could be reversed by blocking the RhoA/ROCK/MLC2 signaling pathway. The radial histograms in figure 10B show that treatment with C3, Y27632 or ML-7 decreases the percentage of ZO-2 KD cells in metaphase with a 0-10 o angle, to 17%, 29% and 25% respectively. These results hence indicate that the lack of ZO-2 triggers the disorientation of the mitotic spindle, through a mechanism sensible to a precise amount of active RhoA within the cell, as both the over-activity of RhoA present in ZO-2 KD cells as well as the inhibition of RhoA with C3 or of its downstream elements ROCK and p-MLC2, trigger the same effect.
Next we tested whether the lack of ZO-2 affects the development of cysts in three-dimensional (3D) cultures that resemble more closely the physiological condition. For this purpose we cultured ZO-2 KD and parental MDCK cells in the extracellular matrix Matrigel. Figure 10C shows that in ZO-2 KD cells 60% of cysts have multiple lumens, while 81% of cysts from parental cells display one hollow lumen surrounded by one layer of polarized cells. These results hence indicate that the lack of ZO-2 severely disrupts epithelial morphogenesis.
Dominant negative or constitutively activated Cdc42 inhibit centrosome polarization [72] , and Cdc42 depletion induces misoriented cell division that leads to the formation of cysts with multiple lumens [73] . This prompted us to explore the activity of Cdc42 in ZO-2 KD cells in a pulldown assay. Figure 10D reveals that a higher amount of active, GTP-bound Cdc42, is present in ZO-2 KD cells in comparison to parental cells. Hence, our results suggest that the disorientation of the mitotic spindle that triggers the formation of multiple cysts is a response to the increased activity of RhoA and Cdc42 triggered by the lack of ZO-2.
Discussion
Here we have found that ZO-2 is a key player in the regulation of Rho, Rac and Cdc42 proteins, which are critical for the proper development of cell architecture and TJ sealing (Fig. 11) .
We show that ZO-2 KD cells exhibit large clusters of stress fibers, in agreement to a similar finding observed in human dermal microvascular endothelial cells upon ZO-1 depletion [74] . This is in contrast to ZO-1/-2 depleted cells that do not show a profusion of stress fibers and instead display a more linear cell border profile [75] . We also observed that ZO-2 KD MDCK, have an altered apical profile, where the apical surface appears to have overgrown. We suggest that this profile change might be due to contraction of perijunctional F-actin, as it occurs in human corneal epithelial cells upon expression of p114RhoGEF [53] . However this point requires further analyses.
To explore if ZO-2 KD cells have debilitated cell-cell adhesions that could explain the observed wider intercellular spaces, we tested their susceptibility to extracellular trypsin, finding that it was higher in ZO-2 KD than in parental cells. These results are similar to those obtained with ZO-1 knock-out/ZO-2 KD Eph4 cells [76] .
We also observed in ZO-2 KD cells, areas of the monolayers that are not attached to the substrate and an increased response in a cell to substrate detachment assay that might be explained by the reduction in claudin-7 and integrin β1, that favor cell substrate adhesion [45, 46] . The overexpression of vinculin at the basal surface of ZO-2 KD cells was expected because the elevated phosphorylation of MLC2 found in ZO-2 KD cells is indicative of actomyosin contraction, which is known to recruit vinculin to focal adhesions [77] .
In ZO-2 KD cells, cofilin is dephosphorylated, multiple lamellipodia protrude from the cells and directional migration decreases. Cofilin phosphorylation can be upregulated by RhoA activity, since LIM kinases (LIMK) phosphorylate cofilin at serine 3 [74] , and these kinases are in turn, activated by ROCK phosphorylation [75] . However, the decreased phosphorylation of cofilin observed in ZO-2 KD cells, might be explained by the increased Rac activity that promotes the activation of cofilin phosphatases [49] and lamellipodia formation [78] . In addition, we have observed that ZO-2 KD cells exhibit an increased transcriptional activity of YAP (Yes associated protein) [39] that promotes the expression of miR-29 that specifically inhibits the translation of phosphate and tensin homolog (PTEN) [79] and the transcription of Pik3cb, a gene that encodes for the catalytic subunit p110 of PI3K [80] Thus YAP transcriptional activity leads to a decreased expression of PTEN and higher amount of PIP3 in ZO-2 KD cells in comparison to parental cells [39] . This is important since Slingshot-1L, a cofilin specific phosphatase, is activated by phosphoinositide 3 kinase (PI3K) [81] . Hence, the decreased phosphorylation of cofilin found in ZO-2 KD cells might be the result of both an increase in the activity of Rac and Slingshot-1L.
With respect to the wound-healing assay, the results were expected since longer distances were travelled by islands of MDCK ZO-2 KD cells, than by parental cells. These results are in agreement with the observation that in human lung cancer cells, ZO-2 inhibition increased the migration rate [82] . Moreover, the reduced directional migration in cells lacking ZO-2, is consistent with the observation that high Rac activity induces random cell migration [50] . Taken together, our observations suggest that the lack of ZO-2 triggers Rac and cofilin activation that induces a reorganization of the actin cytoskeleton manifested by the appearance of multiple lamellipodia and non-directional cell migration.
The apparent contradictory observation that ZO-2 KD cells exhibit a reduced directional persistence while at the same time show a more effective wound closure, can be explained by considering that a reduced directional migration, has a low impact in a wound closure assay, since in this case the migrating cells are surrounded by other cells and hence can only migrate into the direction of the wound. Therefore in this condition the greater mobility triggered by the lack of ZO-2, favors wound closure.
Since the activation of the Rho protein family with Escherichia coli cytotoxic necrotizing factor 1 (CNF-1) [83] , or the expression of a dominant active RhoA, produce aggregates of stress fibers at the basal membrane [52, 84] , we explored whether the absence of ZO-2 had an impact on RhoA. This quest was reinforced by a recent observation showing that the junctional adhesion molecule-A (JAM-A) binds to ZO-2, which in turn, through its association with afadin and PDZ-GEF1, recruits and activates the small GTPase Rap2c that negatively control the contraction of the apical cytoskeleton by RhoA [7] .
By ELISA and pulldown assays we showed that in sparse cultures, RhoA is more active in ZO-2 KD cells than in parental cells. With the RhoA biosensor, we further showed that the absence of ZO-2 induced the activation of RhoA before calcium mediated cell-cell adhesion is established, and early during the process of cell junction formation.
Then we analyzed the expression of ROCK I and ROCK II finding that in MDCK ZO-2 KD cells only the expression of the latter increases. In agreement it was previously found that ROCK II and not ROCK I, mediates the disassembly of the apical junctional complex in epithelial cells [85] and partially localizes in stress fibers [86] .
To further confirm that the profusion of stress fibers in MDCK ZO-2 KD cells is due to the activation of the RhoA/ROCK signaling pathway, we treated the monolayers with inhibitors of Rho and ROCK and observed that the clusters of stress fibers disappeared. Instead, treatment with ML-7 an inhibitor of MLCK [58] , which phosphorylates MLC2, had no effect on the amount of stress fibers, thus indicating that the lack of ZO-2 triggers the formation of basal stress fibers through the activation of RhoA and ROCK, but not of MLCK.
In ZO-2 KD cells the reduced expression of paracingulin, that down-regulates GEF-H1 activity [60] , might result in RhoA activation and the subsequent formation of stress fibers. The latter was confirmed observing that in MDCK ZO-2 KD, the transfection of an inactive form of GEF-H1, eliminates the profusion of stress fibers, and by observing that in ZO-2 KD cells, GEF-H1 is less phosphorylated at Ser886, a phosphorylation known to blocks stress fiber formation [61] . In addition, we observed that the lack of ZO-2 reduces cingulin phosphorylation mediated by AMPK, which was previously shown to be critical for the interaction of cingulin with microtubules at the apical junctional region [63] .
As previously observed, here we show that MDCK cells exhibit an initial rapid increase in TER followed by a decrease to a stable level [87, 88] . However we show that the lack of ZO-2 induces a much lower peak TER value. This decrease in peak TER was previously observed when ZO-2 was partially silenced with a siRNA [38] , in ZO-1 KD cells, occludin KD cells and α-catenin KD cells [89] , as well as in paracingulin KD cells [60] . In addition we showed that when TER reaches a steady state, the values are 43% higher in MDCK ZO-2 KD cells, while the paracellular permeability to dextran diminishes. These effects are due to the absence of ZO-2 as they were reversed by ZO-2 transfection. Similar results were previously obtained when ZO-1 was silenced in MDCK cells [37] . The increase in TER present in ZO-2 KD cells might respond in part to the increase in size observed in these cells in comparison to parental cells [39] , since the amount of current that crosses the paracellular pathway depends on both resistance of this route and on how much pathway is available per epithelial surface, and the latter depends on the size of the cells in the epithelium (for review see [90] . Now, the higher resistance of the paracellular pathway of ZO-2 KD cells might be due to the absence of claudin-2, a protein that forms paracellular cationic pores [65, 66] , and the abundant expression of claudin-4 that functions as a cationic barrier [69] . Similar observations have been found as a result of silencing of IQGAP1 in MDCK cells [91] .
Previously it had been shown that cingulin KD [92] and paracingulin KD [60] increased RhoA activity and claudin-2 mRNA level, while the expression of claudin-2 decreased when cingulin and paracingulin were both silenced [71, 93] . In addition, the expression claudin-2 mRNA correlated with the presence of GATA-4 transcription factor [71] . Instead, in ZO-2 KD cells we observed a decreased expression of claudin-2 not accompanied by a change in the level of mRNA for claudin-2 and the protein level of GATA-4. Hence, these results indicate that the lack of ZO-2 exert a post transcriptional negative effect on claudin-2.
As MDCK ZO-2 KD cells grow on top of each other, we explored whether this could be due to the depolarization of the mitotic spindle. We found that 66% of the mitotic spindles of ZO-2 KD cells are disoriented, and that inhibitors of RhoA, ROCK and MLC2 cannot reverse this effect and even increase the percentage of disorientation. Since similar effects have been found in cells transfected with a constitutively active RhoA [94] , we conclude that the depolarization of the mitotic spindle in ZO-2 KD cells, is due to the increased activity of RhoA triggered by the lack of ZO-2. In addition, we found over activation of Cdc42 in ZO-2 KD cells, and constitutively activated Cdc42 has been found to inhibit centrosome polarization [72] . Furthermore, previous observations have shown that ZO-2 KD cells have increased phosphorylation of GSK-3β at Ser-9 [39] , which can be induced by PKCζ under the activation of Cdc42 [95] . Therefore, our results suggest that the disorientation of the mitotic spindle that might be responsible for the formation of multiple cysts in ZO-2 KD cells is a response to the increased activity of RhoA and Cdc42. In MDCK cells we have also observed formation of cysts with multiple lumens when MDCK cells are transfected with a ZO-2 construct with a mutation in a Yin-Yang site that regulates the entry of ZO-2 into the nucleus and the phosphorylation of the protein in mature TJs [33] . Others instead, have found that MDCK ZO-1 KD cells but not ZO-2 KD cells, form cysts with multiple lumens [89] .
ZO-2 is a multidomain protein involved in a vast array of activities including TJ formation, cell proliferation, regulation of gene expression [for review see [96] ] and cell size [39] . This work now broadens this view showing that ZO-2 acts as a central hub that modulates the activity of Rho proteins and epithelial cytoarchitecture. Statistical analysis of histograms 1 and 2 was done with One-Way ANOVA followed by Newman-Keuls test, *p<0.05; ***p<0.001; of histograms 3 and 6 was done with a Student's t test with Welch's correction, **p<0.009; and of histograms 4 and 5 was done with a Student's t test, *p<0.05. C) A reduction in stress fibers or no changes in the pattern constitute the most frequent outcomes after hZO-2 transfection into ZO-2 KD cells. Cells were transfected with hZO-2 and one day later the expression of ZO-2 and F-actin was observed after incubation with antibodies against ZO-2 (green) and rhodaminated phalloidin (red). ZO-2 KD cells transfected with hZO-2 were classified as: H, high expressing; M, medium expressing and L, low expressing. Dashed line, delineates hZO-2 transfected cells; n, number of cells analyzed; left panel bar = 50 µm; right panel bar = 25 µm. D) The spatiotemporal activation of RhoA triggered by a Caswitch assay is more pronounced in ZO-KD than in parental MDCK cells. Cells plated on glass coverslips were transfected with the RhoA biosensor and after 24 h were incubated in LC medium for 20 h. Then, the monolayers were switched to NC medium for different periods of time after which RhoA activation patterns were determined as the FRET/CFP ratio. Upper panel, representative color-coded images of three independent experiments, where cold and hot colors respectively indicate low and high levels of RhoA activity. Lower panel, graphic representation of the mean FRET/CFP ratio for entire cells. n, number of cells evaluated. experiments. Statistical analysis done with Student's t-test. *p=0.02. E) Cell border staining by GEF-H1 is more pronounced in ZO-2 KD than in parental cells. In parental cells, GEF-H1 stains the cell borders and Golgi (arrow). In ZO-2 KD cells, GEF-H1 staining at Golgi is lost. Immunofluorescence done with specific antibodies against GEF-H1 and ZO-2. Nuclei were stained with DAPI. Bar = 40 µm. F) The amount of GEF-H1 present in the plasma membrane fraction is higher in ZO-2 KD cells than in parental MDCK cells. The plasma membrane fractionation assay was analyzed by Western blot employing antibodies against GEF-H1 and the β1 subunit of the Na + , K + -ATPase. The latter is a specific plasma membrane marker. Left, representative blot image; right densitometric analysis. Statistical analysis done with Student's t-test with Welch's correction; p<0.05. Figure 8 . In ZO-2 KD cells cingulin is more abundant but less phosphorylated, and does not associate to microtubules at the TJ and instead recruits GEF-H1. A) Immunofluorescence done in parental and ZO-2 KD cells, with specific antibodies against ZO-2, paracingulin and cingulin. Bar = 40 µm. B) Western blots and corresponding densitometric analysis. Student's t test, paracingulin **p=0.0072; cingulin **p=0.0091; results from at least 3 independent experiments. C) PLA assay done in parental and ZO-2 KD MDCK cells with a rabbit polyclonal antibody against cingulin and a mouse monoclonal antibody against GEF-H1. Upper panels, representative images; arrow, positive PLA spots at the cell borders; lower panel, quantitative analysis done using BlobFinder. Statistical analysis done with One-Way ANOVA followed by Bonferroni's post test, **p<0.01; ***p<0.001. Bar = 20 µm. D) The lack of ZO-2 compromises the appearance of microtubules at the cell borders, while treatment with 50 μM forskolin for 24 h or hZO-2 transfection restores the appearance of microtubules. Immunofluorescence done with an antibody against β-tubulin. ZO-2 KD cells transfected with hZO-2 were identified with an antibody against ZO-2 (blue). Arrows indicates β-tubulin staining at the cell borders. Bar = 40 µm. E) The phosphorylation of cingulin diminishes in ZO-2 KD cells, evidenced by faster electrophoretic mobility that is restored after treatment with 50 μM forskolin for 24 h, or hZO-2 transfection. The mobility shift detection assay for cingulin was done running the extracts of parental and ZO-2 KD cells on a Phos-tag SDS-PAGE. F) The interaction of cingulin with β-tubulin diminishes in ZO-2 KD cells and is upregulated after treatment with 50 μM forskolin for 24 h, or hZO-2 transfection. Cingulin was immunoprecipitated with a specific antibody, from parental and ZO-2 KD cells extracts. The immunoprecipitate was then run on a SDS-PAGE and blotted with antibodies against cingulin and β-tubulin. Figure 9 . ZO-2 KD cells exhibit a lower peak of TER and instead develop a higher TER at steady state that is accompanied by a reduced permeability and a decreased expression of claudin-2 and an increase of claudin-4. A) During the Ca-switch, ZO-2 KD cells display a lower peak of TER than parental cells, which can be restored by ZO-2 transfection. At steady state (inset), ZO-2 KD cells have a higher TER than parental cells. TER was continuously measured during the Ca-switch, using the CellZscope system. The graph presents the mean ± SD of data from six monolayers plated on Transwells. Statistical analysis done with One-Way ANOVA followed by Bonferroni's post test ***, p<0.001. B) At steady state (40 h after the Ca-switch), ZO-2 KD cells display a lower paracellular passage of 10 kDa FITC-Dextran (FD10) and 70 kDa FITC-Dextran (FD70), measured in the apical to basolateral direction, than parental cells. Transfection of hZO-2 into ZO-2 KD monolayers restores the paracellular flux of FD10 to that of parental cells and elevates the transit of FD70. Data from three independent monolayers. Statistical analysis determined using the OneWay ANOVA followed by Bonferroni post test. *, p< 0.05; ***, p<0.001. C) Immunofluorescence detection of claudins -2 and -4 in MDCK parental and ZO-2 KD cells before the Ca-switch (0 h), at the TER peak and at steady state. Bar = 20 µm. D) In MDCK ZO-2 KD cells, the Western blot shows a decreased expression of claudin-2 and an increased amount of claudin-4, in comparison to parental cells. Upper panels, representative images; lower panels, statistical analysis of 4 independent experiments, done with a Student's t test.***p=0.0002; **p=0.002. E) In MDCK ZO-2 KD cells, the Western blot shows a similar expression of GATA-4 in comparison to parental cells. Results obtained from at least three independent experiments. Left, representative image; right, densitometric analysis. Statistical analysis done with One way Annova followed by Bonferroni's post test **p<0.01, ***p<0.001. F) By qRT-PCR we detected no differences in mRNA for claudin-2 between parental and ZO-2 KD cells, but found an increase in the mRNA for claudin-4 in ZO-2 KD cells. Acidic ribosomal phosphoprotein P0 (PRP0) amplified as loading control. 
